The monoaminergic innervation of cerebral cortex has long been implicated in its development. Methods now exist to examine catecholamine and serotonin inputs to identified neurons in the cerebral cortex. We have quantified such inputs on pyramidal and nonpyramidal cells in prefrontal cortex of rhesus monkeys ranging in age from 2 weeks to 10 years. Individual layer III neurons were filled with Lucifer yellow and doubleimmunostained with axons containing either tyrosine hydroxylase (TH) or 5-hydroxytryptamine (5-HT). The filled cells were reconstructed, and putative appositions between the axons and dendritic spines and shafts were quantified at high magnification using light microscopy.
Monoaminergic systems of the brain modulate excitatory transmission in cortical circuits that are critical for normal adult function of prefrontal cortex (Williams and Goldman-Rakic, 1995; Vollenweider et al., 1998) . The same neurotransmitters have been implicated directly and indirectly in several aspects of neurodevelopment (Mattson, 1988; Levitt et al., 1997) , in the pathophysiology of schizophrenia (Lieberman, 1999) , and in the psychotomimetic effects of certain hallucinogens (Breier, 1995; Farber et al., 1999; Gouzoulis-Mayfrank et al., 1999) . There are timing similarities among the attainment of peak working memory performance (Diamond and Goldman-Rakic, 1989) , the typical age of onset of schizophrenia (Lieberman, 1999) , and the age at which certain drugs begin to trigger psychosis (Farber et al., 1999) . These developmental parallels suggest that a detailed understanding of the postnatal changes in monoaminergic input to cortical neurons may shed light on the changes in circuitry needed for mature working memory performance, as well as on how this circuitry may become disrupted in psychosis.
Monoamines have been extensively studied during embryonic development (Lauder and Bloom, 1974; Coyle and Molliver, 1977; Buznikov, 1984; Mattson, 1988; Verney et al., 1993; Levitt, 1997) , yet relatively few studies in vitro have addressed postnatal changes in monoaminergic innervation of frontal cortex. Over the prepubertal period, serotonin and dopamine levels appear to fluctuate before rising to adult levels at puberty (Goldman- Rakic and Brown, 1982) . However, differences exist between these two neurotransmitters. From birth to adulthood, there is a protracted and dramatic increase in the synthetic capacity for dopamine, whereas that for serotonin stays at a constant low level (Goldman- Rakic and Brown, 1982) . Furthermore, the length of axons that contain tyrosine hydroxylase (TH), an enzyme critical for the production of dopamine, continues to increase until puberty (Rosenberg and Lewis, 1995) . In addition, adult TH density in area 9 of frontal cortex is much greater than that for 5-hydroxytryptamine (5-HT) (Lewis et al., 1992) .
These differences in axonal density during postnatal development raise the question of how they affect individual neurons in prefrontal cortex. Anatomical work in the adult has shown a predominance of TH innervation onto pyramidal cells relative to interneurons (Krimer et al., 1997) . Functional studies in the adult have shown that dopamine modulates the ability of prefrontal neurons to maintain activity during the delay period of working memory tasks (Sawaguchi et al., 1990; Williams and GoldmanRakic, 1995) . In view of pronounced differences in working memory ability across postnatal development (Diamond and GoldmanRakic, 1989) , understanding of the developmental changes in monoaminergic innervation of single neurons in frontal cortex may provide insight into the anatomical underpinning of cognitive maturation.
In summary, this study presents findings using infrared differential interference contrast (IR-DIC) videomicroscopy to fill selected individual neurons in rhesus monkeys, followed by doubleimmunostaining and quantification of contacts between monoaminergic axons and labeled cortical neurons. The pattern of TH and 5-HT innervation to identified pyramidal cells and interneurons shows changes over the first 10 postnatal years. The relevance of these findings in regard to changes in dopamine-dependent properties of prefrontal function, including its vulnerability during adolescence to schizophrenia and ketamine-induced psychosis, is discussed.
MATERIALS AND METHODS
T issue preparation. T welve monkeys between the ages of 2 weeks and 10 years were administered ketamine (5-10 mg / kg) and atropine (0.2 mg / kg) and placed under deep surgical anesthesia with sodium pentobarbitol (100 mg / kg). They were then perf used transcardially with a solution of 4% paraformaldehyde, 15% picric acid, and 0.2% gluteraldehyde in 0.1 M phosphate buffer (PB) for 4 -7 min, depending on the age and the size of the animal. The ages of the monkeys are shown in Tables 1 and 2 . T wo animals were included at the following ages: 2 weeks, 2 months, and 2 years. Tissue blocks from dorsomedial area 9 in the left hemisphere were excised and sectioned with a microtome into 400 m slices. These slices were maintained in ice-cold PB until injection.
Injection of fluorescent dye. Layers within the cortex were visualized under fluorescent light on a Z eiss Axioskop FS microscope (Oberkochen, Germany) after preincubation of the slice in a 10 nM solution of 4Ј,6-diamidino-2-phenylindole (Sigma, St. L ouis, MO) in 0.1 M PB. Pyramidal cells and interneurons in layer III were selected using high-resolution IR-DIC videomicroscopy and injected with a 7.5% aqueous solution of L ucifer yellow (dilithium salt, Sigma) under visual control. Layer III of the prefrontal cortex was chosen for this analysis because it is the major recipient of the cortico-cortical connections. Because this circuitry appears to undergo dramatic postnatal changes and possibly to be vulnerable in schizophrenia, it is important to understand its normal pattern of postnatal development. Furthermore, layer III in area 9 has been reported to show particularly dramatic postnatal changes in TH innervation (Rosenberg and Lewis, 1995) .
Immunohistochemistr y. Slices were processed to visualize the filled cells and to develop either TH or 5-HT axons. Although TH is critical for the synthesis of both dopamine and norepinephrine, previous work suggests that the mouse antibody we used against TH predominantly labels dopamine-containing axons in monkey cortex (Noack and Lewis, 1989; Akil and Lewis, 1993; Williams and Goldman-Rakic, 1993) .
Slices were post-fixed for 4 hr in 4% paraformaldehyde, resectioned by 40 m using a microslicer (DSK , Dosaka, Japan), and blocked for 3 hr with a solution of 10% normal goat or donkey serum, 2% bovine serum albumin, and 0.5% Triton X-100. For TH immunohistochemistry, the sections were incubated with a mouse antibody to TH (Chemicon, Temecula CA), together with a biotin-conjugated rabbit antibody to L ucifer yellow (Molecular Probes, Eugene, OR), for 48 hr at 4°C. For 5-HT immunocytochemistry, the sections were first incubated with a rabbit antibody to 5-HT (Incstar, Stillwater, M N) for 48 hr at 4°C, then incubated with a goat anti-rabbit Fab fragment (Jackson, West Grove PA) for 24 hr at 4°C, and with a biotin-conjugated rabbit antibody to L ucifer yellow for 24 hr at 4°C.
Sections were placed in an ABC Elite (Vector, Burlingame, CA) solution so that filled neurons could be visualized with a brown chromogen by a reaction between avidin-HRP and 3,3Ј-diaminobenzidine (DAB). The sections were then incubated for 2 hr at room temperature with the appropriate biotin-conjugated secondary antibody: anti-mouse IgG for TH or anti-goat IgG for 5-HT (Vector). They were rinsed with a 0.3% solution of hydrogen peroxide to remove the remaining peroxidase activity on the labeled neurons. After a second ABC reaction, the TH or 5-HT axons were visualized with the black chromogen, nickel-intensified DAB. To control for possible variations between immunohistochemical procedures and conditions, sections from different animals were processed together during the same experiment. The sections were dehydrated, using a free floating method described in Krimer et al. (1997) to preserve the z-axis dimension (Krimer et al., 1997) , and mounted on glass slides. Nissl staining on an adjacent section was used to verif y the laminar location of the filled neurons.
Neurolucida software (MicroBrightField, Colchester, V T), in conjunction with an Axioskop Z eiss microscope, was used to trace and measure the dendritic tree of each neuron in three dimensions. Appositions of TH or 5-HT axons to dendritic spines or shafts were marked along the tracing. The TH or 5-HT apposition density (per 100 m) was calculated for each neuron. Contacts were judged as membrane appositions if no distance appeared between the two structures in any focal plane at 1580ϫ magnification (Krimer et al., 1997) . All immunohistochemistry and Neurolucida tracings were conducted without reference to the age of the subjects.
RESULTS
Fifty-three pyramidal cells and 58 interneurons were filled with Lucifer yellow dye from 12 monkeys ranging in age from 2 weeks to 10 years. As illustrated in Figures 1-3 , filled pyramidal cells and interneurons are stained brown, and either serotonin or TH axons are stained black. Immunostaining for 5-HT and TH was successful at all ages, although greater care and reduced Triton X-100 were required in the handling of tissue from the 2-week-old monkeys. Labeled axons could be followed throughout the depth of the sections. Tissue shrinkage was estimated to be 20 Ϯ 10% by measuring several dendrites before and after dehydration. Variation in shrinkage did not correlate with age. Pyramidal cells showed dramatic increases in dendritic length and arborization over the first postnatal year. For example, at 2 weeks, the average dendritic length was 5 Ϯ 2 mm, and by 1 year it had increased dramatically to 8 Ϯ 1 mm, as shown in Figure 4 . By contrast, interneurons did not show a significant increase in dendritic length over the age range studied.
Brown-stained pyramidal cells could be followed through several 40 m sections to the terminal endings of their spine-studded apical and basal dendrites. Similarly, interneurons of varying morphologies could be followed through several slides. As can be seen in Figure 1 , the black TH axons varied greatly in diameter, and all but the thickest axons exhibited numerous varicosities. A dense band of axons was observed in layers I and II in all the monkeys, in agreement with previous studies (Williams and Goldman-Rakic, 1993) . This band was wider in the youngest monkeys, extending into superficial layer III. A sample of fully reconstructed neurons across the age range studied indicated that the density of contacts between TH axons and pyramidal cell dendrites did not differ significantly in the apical or basal dendritic fields (both 0.7 Ϯ 0.1 appositions per 100 m dendrite). However, the total density and the appearance of the appositions varied significantly with the age of the monkey. In the adult, the TH axons tended to follow the dendrite that they contacted. In the young monkey, by contrast, there were fewer contacts, and the TH axons making appositions with pyramidal cell dendrites generally intersected at 90°and did not course along the branches (Fig. 1C) . The majority (ϳ60%) of TH axons contacted a spine rather than the shaft of a pyramidal cell dendrite, as shown in Figure 5 .
In the sections stained for 5-HT, shown in Figure 2 , the black axons also showed a convoluted pattern and many varicosities. Both fine and thick axons were resolved, as previously described in adult cortex (Wilson et al., 1989) . The laminar pattern in area 9m of frontal cortex showed a higher-density band in layer I. Passing fibers contacted dendrites, but tended not to follow them for extended distances in both adult and young monkeys (compare Figs. 1 D and 2 D) . At all ages, few contacts between 5-HT axons and neuronal dendrites were present: 0.2 Ϯ 0.1 apposition density. In a sample of fully reconstructed neurons, the apposition density on basal and apical dendrites did not differ significantly. The majority (ϳ80%) of 5-HT axons contacted the shaft rather than a spine on pyramidal cell dendrites, as shown in Figure 5 .
The varied size and morphology of filled interneurons suggest that many different subtypes were included; two interneurons are shown in Figure 3 . The variance in the apposition density of TH on interneurons was much greater than for pyramidal cells. However, we did not have a sample of sufficient size to assess possible differences in apposition density according to morphological subtype. The TH apposition density on pyramidal cells tripled over the course of postnatal development, as shown in Figure 6 . This increase was highly significant (r ϭ 0.77, R 2 ϭ 0.60, p ϭ 0.0001), increasing only a small amount from 0.2 Ϯ 0.1 to 0.3 Ϯ 0.1 appositions per 100 m in the first 2 months after birth, then rising exponentially to 0.7 Ϯ 0.1 apposition density by puberty. As indicated on Figure 6 , the TH apposition density remained at this high level into adulthood. The number of TH appositions increased more than five times over the age range studied and, as illustrated by Figure 7 , was highly correlated with dendritic length (r ϭ 0.96, R 2 ϭ 0.91, p ϭ 0.0002). By contrast, 5-HT apposition density on pyramidal cells remained at a constant low level of 0.2 Ϯ 0.1 appositions per 100 m over this same age range. However, low density of 5-HT-immunoreactive axons and small sample size raise the possibility that the methods used were not sensitive enough to detect changes in density. The TH and 5-HT apposition densities on pyramidal cells differ significantly at every age after 2 months ( p ϭ 0.01).
On interneurons, both TH and 5-HT apposition density appeared to have reached adult levels by 2 weeks, as illustrated in Figure 6 . The wider variation in apposition density by TH axons on interneurons suggests that subtypes of nonpyramidal cells may receive differential innervation. The number of TH appositions did not correlate significantly with interneuron dendritic length.
DISCUSSION
There is a dramatic and specific increase in the TH innervation of pyramidal cells in layer III of dorsomedial prefrontal cortex in rhesus monkey. This increase appears to occur gradually and monotonically, reaching the highest levels during puberty, and remains undiminished into adulthood. By contrast, TH innervation of interneurons and 5-HT innervation of both interneurons and pyramidal cells remain stable at lower levels over this period of postnatal development. Three-dimensional reconstruction of individual cells showed that adult pyramidal cells in this region receive three times as many contacts from TH axons as from 5-HT axons.
To our knowledge, this is the first study to examine developmental changes in monoamine inputs to single pyramidal cells and interneurons. Although previous work has described postnatal changes in biochemical levels of monoamines (Goldman- Rakic and Brown, 1982) and in elaboration of TH axons (Rosenberg and Lewis, 1995) , it is changes at the single neuron level that are perhaps the most relevant to physiology and behavior. Such changes in innervation to single cells can only be assessed at the light microscopic level. Although light microscopy cannot confirm synaptic contacts, a sample of appositions taken to the electron microscope (EM) level in a previous study using the same methodology revealed that each light level apposition indeed represented one or more synaptic junctions (Krimer et al., 1997) .
Postnatal development of TH and 5-HT innervation
A large body of evidence suggests that monoamines play an important role in both prenatal and postnatal development of cerebral cortex (Coyle and Molliver, 1977; Buznikov, 1984; Mattson, 1988; Kalsbeek et al., 1989 , Meier et al., 1991 Levitt, 1997) . Dopamine, in particular, has been implicated as critical for the normal arborization of pyramidal cell dendrites (Kalsbeek et al., 1989) . Serotonin also appears to play an important role in shaping neuronal circuits by regulating synaptic plasticity and neuronal activity patterns (Chubakov et al., 1986; Gu and Singer, 1995; Cases et al., 1996) .
The protracted postnatal increase in the density of dopaminergic inputs to pyramidal cells occurs over a time frame contemporaneous with other developmental changes, including the following: rapid growth of pyramidal cells (Koenderink et al., 1994) , a dramatic increase in spine density on these cells (Anderson et al., 1995) , the peak and decline in density of asymmetric synapses (Rakic et al., 1986; Bourgeois et al., 1994) and multiple receptor subtypes (Lidow et al., 1991) , the slow maturation of delay-period activity in prefrontal neurons, and the emergence of adult levels of competence on working memory tasks (Goldman- Rakic, 1987 ).
Throughout the passing of these developmental milestones, the density of 5-HT inputs to pyramidal neurons and both the TH and 5-HT inputs to interneurons remain surprisingly constant.
Our findings are congruent with previous work which showed that TH axon length and number of varicosities continue to increase until puberty (Rosenberg and Lewis, 1995) , as well as with studies showing that adult density TH in area 9 of the frontal cortex far exceeds that for 5-HT (Lewis et al., 1992) . A previous study reported a decrease in TH axon length and varicosities after puberty (Rosenberg and Lewis, 1995) . However, we fail to find such diminution at the level of innervation of single pyramidal cells. Maintenance of a high level of TH apposition density on pyramidal cells over a period of declining TH axons and varicosities suggests loss of nonspecific innervation.
In adult monkey prefrontal cortex, dopamine axon terminals are known to form symmetric contacts with dendritic spines and shafts of pyramidal neurons, as well as with dendrites of local circuit neurons that contain GABA (Smiley and Goldman-Rakic, 1993; Sesack et al., 1998) . Sesack and colleagues (1998) showed that TH axons in layer III of monkey frontal cortex preferentially contacted interneurons containing parvalbumin and avoided those containing calretinin (Sesack et al., 1998) . The greater variability that we observed in TH apposition density on interneurons may reflect selective targeting of interneuron subtypes by TH axons. As a result, it is conceivable that we may have missed a small or subtype- specific change in TH innervation of interneurons. At the EM level, 40 -90% of contacts between TH and dendrites have morphological features of a symmetric synapse (Descarries et al., 1991; Smiley and Goldman-Rakic, 1993) . Indeed, spines of pyramidal neurons in prefrontal cortex are frequently postsynaptic to both a dopamine terminal and an excitatory terminal, allowing for direct dopamine modulation of local glutamate transmission ). This result is further supported by our finding that the majority of TH appositions on pyramidal neurons contacted dendritic spines.
EM studies in adult rat and primate frontal cortex have shown that 5-HT axon terminals form symmetric contacts with dendritic shafts of pyramidal and nonpyramidal cells (Descarries et al., 1991; Smiley and Goldman-Rakic, 1996) . Only 20 -30% of such appositions have been found to have synaptic specialization (Descarries et al., 1991; Smiley and Goldman-Rakic, 1996) . Volume transmission of both transmitters and the widespread location of receptors on dendritic arbors of pyramidal and nonpyramidal cells make the existence of nonsynaptic junctional appositions functionally relevant (Zoli and Agnati, 1996) . In fact, volume transmission may account for the mismatch between the widespread locations of 5-HT appositions on pyramidal cells and the high concentration of 5-HT 2A receptors found on the apical dendrites (Jakab and Goldman-Rakic, 1998) . Light-level appositions quantified in this study may represent distances between dendrite and axon of up to 200 nm.
A comprehensive analysis of synaptogenesis in primate prefrontal cortex shows a marked difference over the time course required for asymmetric and symmetric synapses to reach peak levels (Bour- , 1994) . Density of asymmetric excitatory synapses reaches a peak between 2 and 4 months after birth and then declines gradually to adult levels. By contrast, density of inhibitory, symmetric synapses remains at a relatively constant level that is lower throughout postnatal development. A constant level of interneuron innervation by TH and 5-HT, and of pyramidal cell innervation by 5-HT, fits well with the expected curve for symmetric synapses. However, the increase in TH apposition density of pyramidal cells stands out from the typical pattern of synaptogenesis. The prolonged period of increasing TH innervation of pyramidal cells corresponds to the time period when a great number of asymmetric, glutamatergic synapses are being eliminated in frontal cortex (Bourgeois et al., 1994) .
Modulation of glutamate neurotransmission
The cumulative increase in the dopaminergic innervation of pyramidal cells may have functional implications for the balance of excitation and inhibition in cortical circuitry, in particular, working memory circuits. In adult brain, electrophysiological studies have shown that both dopamine and 5-HT affect responsiveness of neurons to glutamate signaling. However, these two neuromodulators appear to modulate different aspects of glutamate transmission. In particular, dopamine appears to increase NMDA-gated currents in cortical pyramidal cells (Yang and Seamans, 1996; Zheng et al., 1999 ) (cf. Gulledge and Jaffe, 1998) . Serotonin has been shown to greatly enhance AMPA transmission in these neu- There is a dramatic increase in TH apposition density over the age range studied, whereas 5-HT apposition density remains relatively constant. Triangles represent appositions to spines; circles represent appositions to dendritic shafts. Scale bar, 75 m.
rons (Aghajanian and Marek, 1997) . Indeed, stimulation of either dopamine or serotonin receptors can differently influence the spatial tuning of pyramidal cells and interneurons in prefrontal cortex of awake, behaving rhesus monkeys (Williams and Goldman-Rakic, 1995; Williams et al., 1998) .
Cognitive and clinical implications
Temporal correlation between maturation of working memory and attainment of maximum TH apposition density on pyramidal cells poses the question about a causal relationship: is this increase in TH innervation density on pyramidal cells able to mediate conditions necessary for adult competency on tests of working memory? In adult monkey, performance on prefrontal tasks is highly vulnerable to dopamine depletion and relatively invulnerable to serotonin depletion (Brozoski et al., 1979) . Several models have argued that the ability of dopamine to enhance NMDA signaling in adult pyramidal cells may be critical for delay period activity (Lisman et al., 1998; Wang, 1999) . Infusion of NMDA antagonists, such as ketamine or phencyclidine, into the frontal cortex has been shown to impair performance on tasks of spatial working memory (Aura and Riekkinen, 1999) and delayed alternation (Verma and Moghaddam, 1996; Adams and Moghaddam, 1998) . Cognitive impairments associated with NMDA blockade have been shown as likely to result from enhanced AMPA transmission (Moghaddam et al., 1997; Adams and Moghaddam, 1998) . This evidence suggests that the balance of dopaminergic and serotoninergic modulation of glutamate transmission may be critical for adult performance on working memory tasks.
The postnatal changes in prefrontal circuitry observed in this study may have relevance to the radical change in the physiological response to ketamine anesthesia during adolescence. This anesthesia is no longer used in adults because it causes an "emergence" psychosis (Farber et al., 1999) . In children, however, no such reaction exists (Farber et al., 1999) . The developmental timing of the psychotogenicity of ketamine suggests that late-maturing systems, such as TH inputs to pyramidal cells, are finely tuned and critical for normal prefrontal function. The ability of ketamine to suppress NMDA transmission and increase AMPA transmission may upset a carefully regulated and complex equilibrium between dopamine and serotonergic modulation of pyramidal cell activity. Any of a number of conditions could similarly lead to imbalance of these systems. Further analysis of the interplay between dopamine and serotonin on neuronal signaling before, during, and after puberty may provide clues to mechanisms underlying the onset of schizophrenia in young adulthood. 
